The objective of this paper is to design miniaturized narrow-and dual-band filters for WLAN application using zero order resonators by the method of least squares. The miniaturization of the narrow-band filter is up to 70% and that of the dual-band filter is up to 64% compared to the available models in the literature. Two prototype models of the narrow-band and dual-band filters are fabricated and measured, which verify the proposed structure for the filter and its design by the presented method, using an equivalent circuit model.
Introduction
Mobility of components and equipment is a requirement in mobile communication systems. Therefore, considerable effort has gone into the miniaturization of devices. Furthermore, various techniques of multibanding have been devised for various functions. Particularly, different techniques have been proposed to make components dual-band, which are considered conventional methods, such as series connection of two separate band pass filters, step impedance resonators, and defected ground structures. All of these methods have some limitations on the reduction of device dimensions, because they are based on half-wave resonators [1, 2] .
Recently, metamaterials have found wide applications, such as miniaturization of microwave devices, due to their unique properties and nonlinear dispersion curves. Zero order resonance (ZOR) metamaterials have the distinct property of infinite wavelength, which makes the resonance frequency independent of their dimensions. Consequently, the ZOR component may be fabricated as small as specified to realize the desired circuit elements for the required resonance frequency [3] . This unique characteristic of ZORs has been used in microwave components, such as filters [4] [5] [6] .
In this paper, we use the method of least mean square error (LMS) as a contribution to design and fabricate a narrow-band metamaterial filter and also a dual-band filter for application in WLAN systems. The main advantage and feature of the proposed filters are their compactness and miniaturization, which is up to 70% smaller than conventional components in the literature [7] .
Design Procedure
The proposed zero order resonance (ZOR) cell is depicted in Figure 1 . The two interdigital capacitors provide the left-handed capacitance and right-handed inductance. The meander inductance and T-junction are inserted in the circuit to control and adjust the right-handed section of the device. Its equivalent circuit is shown in Figure 2 . The values of capacitors and inductors are extracted from the formulas in the literature [8] [9] [10] [11] .
The error function is explicitly expressed as the function of geometrical dimensions of various sections of the filter. In other words, the lumped elements ( and ) of the equivalent circuit of the filter in Figure 2 are expressed in terms of the geometrical dimensions of the filter structure, which are given in literature. The overall transmission matrix of the equivalent circuit is first derived, which is then converted to the scattering parameters. Thus, the scattering parameters of equivalent circuit might be obtained by the available relations of the T-matrix in terms of its physical dimensions [12] . 
The proposed equivalent circuit of metamaterial unit cell.
We now refer to the specified frequency response of the bandpass filter, as shown in Figure 3 . It is composed of the lower ( to ) and upper ( to ) stop bands, with attenuation , the lower ( to 0 − BW/2) and upper ( 0 + BW/2 to ) transition bands, with the attenuations = ( /( − ( 0 − BW/2)))( − ) and = ( /( − ( 0 + BW/2)))( − ), and the pass band with center frequency 0 and bandwidth BW and insertion loss . Each frequency interval is divided into discrete frequencies. The accuracy of the error function increases for larger number of discrete frequencies, but the CPU time of computations also increases. Therefore, a trade-off should be considered between accuracy and computing time. We then construct an error function as
where is the error due to the lower and upper stop bands, is the error related to the pass band, and and are the errors from the lower and upper transition bands, as depicted in the filter frequency response in Figure 3 . The weighting functions are , , and in order to adjust the value of each error term in the function of total error.
The error function can be constructed for multiband filters. The minimization of error function gives the optimum physical dimensions of the filter. The genetic algorithm (GA) as a global minimum seeking algorithm does not need initial values for variable, but it is quite slow. However, the conjugate gradient (CG) algorithm is a local minimum seeker algorithm, which needs initial values but it is quite fast. Therefore, a MATLAB code is written which combines GA and CG. First, GA is run to reach the vicinity of the absolute minimum point, but it is aborted prematurely and GC is activated to locate the minimum point quite fast. Since the design procedure based on the transmission line circuit model suffers some approximation and does not account for full wave performance of the filter, the CST Microwave Studio computer simulator is used to adjust the filter performance and obtain its optimum design [13] .
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Design of a ZOR Unit Cell
We design a ZOR unit cell according to the following specifications specified in Figure 3 , namely, centre frequency 0 = 2.4 GHz, BW = 10%, maximum insertion loss = 0.5 dB, maximum stop band rejection = 20 dB in the bands 1-2 GHz and 3-4 GHz, = 2.0 GHz, = 3.0 GHz, 1 = 51, 2 = 212, and 3 = 4 = 45. The minimization of error function determines the dimensions of the ZOR filter.
The frequency response of ZOR unit cell as obtained by the circuit model and full wave simulation using CST are shown in Figure 4 . They are in a good agreement. In the circuit model of the unit cell, the interdigital sections of the filter are assumed identical, whereas in the full wave filter simulation they are assumed different by defining two separate variables for both gaps and widths to achieve the best possible result. Also, another optimization is performed on dimensions in full wave simulation as reported in Table 1 .
The propagation constant of the structure could be computed from transmission parameters:
The unwrapped phase of 21 is obtained by connecting the discontinuous sections of phase curves at + and − , as shown in Figure 5 . For the determination of the reference, where the electrical length ( = ) is zero, it is necessary to shift the unwrapped phase curve by to remove the phase ambiguity [3] . Its value is obtained from the location of zero crossing point at the phase response curve. For the accurate characterization of metamaterial cell, its constitutive parameters are obtained by the procedure of effective media and are drawn in Figure 6 [14].
Design of a Narrow-Band Filter
In order to design a narrow-band filter with high rejection in the stop band, low insertion loss in the pass band, and sharp drop in the transition band, two ZOR unit cells are connected in series by an inductive coupling, as shown in Figure 7 . The design procedure based on the LMS design method is similar to that of the unit cell. The scattering parameters are obtained The physical dimensions of the narrow-band filter obtained by the LMS design procedure and CST are given in Table 2 .
The frequency responses of filter as the amplitudes of 11 and 21 obtained by the circuit model and computer simulation using CST Microwave Studio are illustrated in Figure 8 . The full wave result shows a bandwidth of 80 MHz from 2.36 GHz to 2.48 GHz. The dispersion diagram of the proposed filter is depicted in Figure 9 . The appearance of ripples in the response curve is due to the CST simulation software, which is based on the time-domain analysis using a truncated Gaussian excitation signal. Consequently, the resulting bounded frequency band of excitation and the resonance nature of filter structure generate the ripples in the simulated response. The magnitude of ripples may be reduced by increasing the accuracy of simulations, but the time of computation greatly increases. The frequency response of the single-band filter is shown in Figure 10 . The graph covers a frequency range up to 10 GHz to show that spurious response suppression is very good and is about 65 dB.
The main advantage of the designed filter is its compactness and miniaturization. It is almost 70% smaller than those reported in the literature [7] .
Design of a Dual-Band Filter
At first, a ZOR unit cell filter is designed for dual-band applications. The lower pass band is due to its left-handed resonance and the upper pass band is due to the right-handed International Journal of Microwave Science and Technology resonance. Both upper and lower bands can be designed independently. The frequency response of the designed filter has achieved its specification. In order to improve the isolation between the two bands and also higher quality factor ( ) at each band, two ZOR unit cells are connected again using inductive coupling. Its design specifications are as follows:
first band: center frequency, 0 = 2.44 GHz, bandwidth, BW = 80 MHz, and maximum insertion loss, IL = 0.5 dB; second band: center frequency, 0 = 5.2GHz, bandwidth, BW = 150 MHz, and maximum insertion loss, IL = 0.5 dB; isolation between the two pass bands = 30 dB.
For the construction of error function for the dual-band filter, the frequency intervals of each pass-band, each stop band, and each transition band are divided into 51, 212, and 45 discrete frequencies. The physical dimensions of each unit cell of the dual-band filter obtained for the optimum design are given in Table 3 .
The frequency responses by circuit model and full wave computer simulation using CST Microwave Studio are illustrated in Figure 11 . An isolation of 37 dB is observed between two pass bands in full wave simulation. The dispersion characteristic is extracted and shown in Figure 12 . The compactness of this filter is 64 percent better than the available designs reported in the literature [2, 15] .
The difference between circuit model and full wave simulation results in Figures 8 and 11 is due to the fact that we used two different variables for gaps and widths of interdigital structures to provide more degree of freedom in full wave optimization.
To ensure maximum power transfer and reduction of return loss, a single open stub matching network is designed and added in parallel to the input of both filters to match source and load impedances. 
Measurement Result
The prototypes of the fabricated narrow-band and dual-band band pass filters are depicted in Figure 13 . Substrate Rogers 4003 is used with dielectric constant 3.55, thickness 20 mil, and tan = 0.0027. For the miniaturization of filter profiles, the two unit cells of filters are located together back to back by a pin, so that the ground plane is placed between them. The dimensions of the pin are optimized in the full wave simulation. The frequency responses of the narrow-band and dual-band filters as obtained by full wave simulation and measurement are illustrated in Figures 14 and 15 , for 21 versus frequency. The agreement among simulation and measurement is fairly good. The difference between the simulation results and measurement data is due to the mediocre fabrication techniques and low precision of the equipment in our laboratory.
Conclusion
The zero order resonators derived from the theory of metamaterials are used as the building blocks to design narrowband and dual-band filters. A circuit model is derived for well with the results of the proposed equivalent circuits of the filter. Consequently, the proposed filter structures and design method are verified for application in microwave systems.
